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A	 study	 of	 body	 and	 head	 development	 in	 three	 sympatric	 reproductively	 isolated	







tories	 for	 the	most	 important	 head	 shape	 variables,	 developing	 bigger	mouths	 and	
relatively	smaller	eyes	with	 increasing	head	size.	The	two	profundal	morphs	shared	
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1  | INTRODUCTION
A	major	 goal	 of	 evolutionary	 ecology	 is	 to	understand	how	and	why	





2010;	 Smith	 &	 Skúlason,	 1996).	 Thus,	 resource	 polymorphism	 is	 a	




1994).	 Factors	 that	may	 promote	 resource	 polymorphism	 are	 vacant	
niches,	 habitat	 variability,	 and	 relaxation	 of	 interspecific	 competition	
(Smith	 &	 Skúlason,	 1996).	 Different	 mating	 strategies	 among	 males	
can	also	 lead	 to	polymorphism,	 for	example,	 in	North	American	 sun-
fishes	(Lepomis:	Centrarchidae;	Gross,	1982)	and	the	dynastine	beetle	
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the	 potential	 for	 adaptive	 evolution	 (Klingenberg	 &	 Spence,	 1993).	
Organisms	can	change	shape	as	they	develop	by	changes	 in	the	rel-
ative	growth	rate	of	morphological	features	(Urošević,	Ljubisavljević,	
&	 Ivanović,	 2013)	 and/or	 alterations	 in	 the	 timing	 of	 developmen-
tal	 events	 (Eiríksson,	 Skulason,	 &	 Snorrason,	 1999).	 One	 approach	
to	describing	morphological	 changes	 in	 shape	as	an	 individual	 grow	







Allometric	 trajectories	 can	 potentially	 change	 direction,	 shift	
sideways	 through	 lateral	 transposition	 or	 they	 can	 be	 extended	 or	
truncated	 (Klingenberg,	 1998).	 If	 the	 trajectories	 change	 direction,	
then	a	dissociation	of	the	feature	measured	and	age	or	size	during	the	
period	being	studied	has	occurred.	A	lateral	transposition	in	contrast	

























ilar	early	 in	ontogeny	and	may	diverge	 later	 in	ontogeny	to	produce	
distinct	adult	morphologies	(Richardson,	1999).	This	is	often	seen	for	
primates	(Mitteroecker,	Gunz,	Bernhard,	Schaefer,	&	Bookstein,	2004;	
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and	body	size	(Snorrason	et	al.,	1994).	In	this	study,	a	morphologically	
diverse	 fish	species,	Arctic	charr	 (Salvelinus alpinus	 (L.)),	 is	 studied	 in	
order	to	explore	allometric	patterns	of	shape	change	among	sympatric	
morphs.	The	 study	 lake,	 Skogsfjordvatn,	 northern	Norway,	 supports	
three	 reproductively	 isolated	morphs	 that	differ	 in	habitat	use,	diet,	










2013).	Throughout	 its	 life	span,	 the	PB-	morph	has	clear,	dark	finger	
marks	along	its	body	sides,	while	the	other	two	morphs	only	exhibit	









piscivorous	at	a	 fork	 length	around	20	cm.	Zooplankton	 is	 the	main	
prey	 of	 the	 LO-	morph	 under	 25	cm	 in	 fork	 length	 (Knudsen	 et	al.,	
2016),	 but	 fish	 become	more	 important	 in	 the	 diet	with	 increasing	
length	of	the	morph.
We	examined	the	developmental	pathways	leading	to	the	expres-
sion	 of	 different	 morphologies	 in	 the	 three	 reproductively	 isolated	
morphs	 by	 comparing	 the	 development	 of	 body	 and	head	 shape.	A	
basis	of	 the	 study	 is	 that	 the	 three	morphs	are	genetically	different	
from	each	other.	We	predict	that:	(1)	The	PP-	and	PB-	morphs	are	on	
















stickleback,	Atlantic	 salmon,	 and	European	eel	 (Anguilla anguilla	 (L.);	
Smalås	et	al.,	2013).
2.2 | Fish sampling
Sampling	 took	 place	 monthly	 from	 August	 2011	 to	 January	 2012	
(n	=	200)	and	in	September	and	October	2012	(n	=	49)	using	monofila-
ment	multi-	mesh	gillnets	with	mesh	sizes	that	varied	from	5	to	55	mm	







2.3 | Phenotypic and genetic morph classification





Genetic	 classification	 of	 all	 individuals	 was	 performed	 via	 ge-
netic	assignment	using	a	panel	of	seven	validated	microsatellites	(see	
Appendix	 S2	 for	 details).	 This	 panel	 of	 microsatellites	 is	 suited	 for	
discriminating	the	three	charr	morphs,	but	is	not	informative	for	the	
inference	of	adaptive	traits	and	the	genetics	of	allometric	processes	
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charr	morphs	in	the	dataset,	individuals	classified	as	adults	and	with	











used	to	establish	three	reference	populations	(LO,	n	=	45;	PB,	n = 42; 
PP,	n	=	45).	These	reference	populations	were	then	used	to	validate	
the	 phenotypical	 classification	 of	 the	 remaining	 ontogenetic	 stages	
(n	=	143).	The	 genetic	 assignment	was	 performed	with	GeneClass2	
(Piry	et	al.,	2004),	using	Bayesian	computation	(Rannala	&	Mountain,	
1997).	Monte–Carlo	 resampling	 (Paetkau,	 Slade,	 Burden,	&	 Estoup,	
2004)	 using	10,000	 simulated	 individuals	 and	α	=	.01	was	 also	 em-
ployed	 to	 obtain	 probabilities	 of	 the	 assignments.	 The	 assignment	
was	 confirmed	by	 an	 additional	 STRUCTURE	 analysis,	 using	 similar	
settings	as	above,	where	all	 (N	=	275)	 individuals	were	 included.	As	
some	individuals	showed	signatures	of	some	admixture,	conservative	
q	 value	 thresholds	 of	 0.3/0.7	 (Vähä,	 Erkinaro,	Niemelä,	 &	 Primmer,	
2007;	Vähä	&	Primmer,	2006;	Warnock,	Rasmussen,	&	Taylor,	2010)	
were	 used	 for	 evaluation	 for	 the	membership	 of	 each	 individual	 to	
each	 of	 the	K	 clusters.	The	 assignment	 of	 each	 individual	 obtained	






tographed	 from	 a	 distance	 of	 60	cm	 using	 a	 digital	 camera	 (Nikon	
Coolpix	5400)	under	 standard	 light	conditions.	Each	 fish	was	care-
fully	flattened	laterally	and	attached	to	a	polystyrene	plate	with	dis-
secting	pins	before	being	photographed	(Frederich	&	Sheets,	2010;	
Muir,	 Vecsei,	 &	 Krueger,	 2012).	 Each	 individual	 was	 only	 photo-
graphed	once,	thus	not	allowing	to	test	for	any	posture-	related	vari-
ation	 in	 body	 shape.	 The	 photographs	were	 imported	 to	 tpsUtil	 v.	
1.5.3	(Rohlf,	2010b)	and	then	opened	in	tpsDig	v.	2.16	(Rohlf,	2010a)	
for	 the	 placement	 of	 landmarks	 (Figure	3).	 Head	 and	 body	 shape	
were	 analyzed	 separately,	 and	 12	 landmarks	 were	 used	 for	 each	
analysis	(Figure	3,	Table	S1	of	Appendix	S1).	To	reduce	measurement	
errors,	 the	 same	 person	 performed	 the	 landmark	 placement	 on	 all	
fish	 (Frederich	&	Sheets,	2010)	and	the	same	camera,	camera	 lens,	
photographic	 setups,	 scale	 bars,	 and	 tripod	were	 used	 (Arnqvist	&	
Martensson,	1998;	Collins	&	Gazley,	2017).	In	accordance	with	pre-
vailing	literature	on	preventing	measurement	errors,	we	used	a	crop-	
sensor	 camera	 with	 more	 than	 five	 megapixels	 (Collins	 &	 Gazley,	
2017;	Muir	et	al.,	2012).
2.5 | Statistical methods
To	 remove	 nonshape	 effects	 from	 the	 landmark	 coordinates,	 a	
Procrustes	superimposition	was	performed	in	MorphoJ	(Klingenberg,	
2011),	standardizing	position,	scale,	and	orientation	of	the	specimens.	
The	 resulting	 Procrustes	 shape	 coordinates	 were	 used	 in	 Principal	




and	 head	 shape	 in	 MorphoJ.	 The	 effects	 of	 size,	 morph,	 and	 their	
interaction	 on	 derived	PC	 scores	were	 analyzed	 using,	 respectively,	
MANCOVAs	and	 thereafter	ANCOVAs	 (type	 II)	 on	 the	 first	 five	PC	
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(Table	1)	from	the	pairwise	post	hoc	tests	described	above.	A	signif-






















The	 numbers	 of	 fish	 kept	 for	 the	 following	morphological	 analyses	
were	60	PB-	morph,	92	PP-	morph,	and	97	LO-	morph.	The	PB-	morph	
were	7.3–15.1	cm	FL	(mean:	11.4	cm	±	SD:	1.8),	the	PP-	morph	were	








had	 membership	 coefficients	 between	 0.714	 and	 0.879	 (Appendix	
S3).	These	eight	individuals	were	excluded	from	further	analysis.
The	 assignment	 of	 the	 other	 ontogenetic	 life	 stages	 to	 the	






of	 the	 three	approaches	where	 in	 agreement.	However,	 the	genetic	
assignment	was	supported	by	the	phenotypic	classification	for	four	of	





(Smalås	 et	al.,	 2013)	making	 the	 individual	 functionally	 and	ecologi-
cally	acting	as	a	PP-	morph.
3.1.3 | Consensus of the morph classification
There	was	compliance	between	the	phenotypic	classification	and	the	
genetic	 assignment	 as	 the	 two	 approaches	 were	 in	 agreement	 for	
96%,	96%,	and	100%	of	 the	LO-	,	PB-	,	 and	PP-	morphs,	 respectively	
(Appendix	S3).	The	two	individuals	(Skg11387,	mentioned	above,	and	






that	 in	 total,	 PC-	axes	 1–5	 explained	 81.4%	 of	 the	 observed	 body	
shape	variance.	There	were	significant	overall	size	effects	in	three	of	
the	 first	 five	PC-	axes,	 two	of	 the	 five	PC-	axes	showed	a	significant	
morph*size	 interaction	effect,	 and	 there	were	 significant	morph	ef-















Pillai1;243 p value Pillai2;243 p value Pillai2;243 p value
Body 0.73 <.0001 1.62 <.0001 0.50 <.0001
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showed	 an	 unwanted	 lunate-	like	 distortion	 of	 the	 fish	 and	 is	 not	
considered	 further	 since	 this	 is	 not	 biologically	 relevant	 (Fig.	 S1	 of	
Appendix	S1).	The	main	emphasis	when	exploring	allometric	changes	








Table	3)	 suggesting	 that	 there	 may	 be	 some	 size	 effect	 in	 one	 or	
more	individual	morphs.	Thus,	this	was	tested	further	using	post	hoc	
morph-	specific	 Bonferroni’s	 corrected	 regressions.	 These	 showed	
that	the	LO-	morph	had	significantly	higher	PC1	scores	with	increas-
ing	size	of	the	fish	although	the	magnitude	of	change	with	size	was	
small	 (Table	4,	 Figure	4a).	There	was	 no	 interaction	 between	morph	
and	size,	indicating	that	all	morphs	had	the	same	allometric	shape	size	








The	 LO-	morph	was	 on	 a	 parallel	 trajectory	 in	 body	 shape	 PC1	
to	both	the	PP-	and	PB-	morph	(Table	5,	Figure	4a).	The	PP-	and	PB-	
morph	were	on	a	common	allometric	trajectory	(Table	5,	Figure	4b).















greater	 body	 height	 for	 a	 given	 body	 size.	 The	 LO-	morph	 showed	
higher	PC-	scores,	and	thus	greater	body	height,	than	the	PP-	morph	of	
similar	length	(Figure	4b).

















Size Morph Morph*size Resid.
F1;243 p value Var. F2;243 p value Var. F2;243 p value Var. Var.
Body
PC1	(39.8%) 3.0 .0844 0.3 378.5 <.0001 75.2 1.3 .2628 0.3 24.2
PC2	(18.3%) 15.0 .0001 5.7 3.5 .0310 2.6 0.6 .5317 0.6 91.1
PC3	(11.7%) 226.1 <.0001 40.9 34.3 <.0001 12.3 7.6 .0006 2.6 44.1
PC4	(6.4%) 0.2 .6501 0.1 7.7 .0006 5.7 1.4 .2597 1.1 93.1
PC5	(5.3%) 11.2 .0010 4.2 2.5 .0817 2.1 8.8 .0002 6.3 87.3
Head
PC1	(31.6%) 161.1 <.0001 35.8 17.8 <.0001 7.9 5.1 .0066 2.3 54.0
PC2	(23.9%) 81.1 <.0001 18.8 53.1 <.0001 24.6 0.5 .6200 0.2 56.3
PC3	(12.0%) 10.6 .0013 2.6 70.3 <.0001 34.4 7.3 .0008 3.6 59.5
PC4	(7.4%) 24.1 <.0001 7.7 20.1 <.0001 12.7 4.0 .0206 2.5 77.1
PC5	(6.1%) 3.0 .0864 1.1 9.5 .0001 6.8 5.6 .0042 4.1 88.0
Significant	p	values	(<.05)	are	indicated	by	boldface.	Var.	=	%	variance	explained	by	the	sum	of	squares.







in	mouth	 size	 and	decrease	 in	 eye	 size	was	 relatively	 faster	 for	 the	
PP-	morph	compared	to	the	LO-	morph	(Figure	5a).	Pairwise	tests	for	
morph	effects	showed	that	the	LO-	morph	was	significantly	different	






















Our	 morphological	 studies	 demonstrate	 distinct	 differences	 in	 the	




ences	 in	allometry,	 reflecting	different	growth	 trajectories.	Patterns	
of	common,	parallel,	 and	convergent	allometric	 trajectories	were	all	




all	 indicate	 common	 allometric	 trajectories	 that	 conform	 to	 model	














F1;95 p value F1;90 p value F1;58 p value
Body
PC1 6.6 .0120 0.0 .8651 0.2 .6909
PC3 208.9 <.0001 67.5 <.0001 0.0 .9299
Head
PC1 42.5 <.0001 119.8 <.0001 12.2 .0009
PC2 35.5 <.0001 40.1 <.0001 5.6 .0217
Significant	p	values	(<.05)	are	indicated	by	boldface.





All. traj.F p value F p value F p value
Body
PC1
LO-	PP 1;185 3.2 .0753 579.5 <.0001 1.9 .1658 Parallel
LO-	PB 1;153 5.7 .0184 331.2 <.0001 1.4 .2406 Parallel
PB-	PP 1;148 0.0 .9451 0.7 .4006 0.1 .7126 Common
PC3
LO-	PP 1;185 239.1 <.0001 7.5 .0066 2.8 .0938 Parallel
LO-	PB 1;153 167.4 <.0001 47.3 <.0001 16.9 .0001 Convergent
PB-	PP 1;148 65.6 <.0001 28.9 <.0001 7.7 .0062 Convergent
Head
PC1
LO-	PP 1;185 151.1 <.0001 20.2 <.0001 10.4 .0015 Conv./div.
LO-	PB 1;153 52.9 <.0001 30.8 <.0001 1.2 .2849 Parallel
PB-	PP 1;148 128.3 <.0001 0.8 .3849 0.3 .6058 Common
PC2
LO-	PP 1;185 75.6 <.0001 90.8 <.0001 1.0 .3291 Parallel
LO-	PB 1;153 39.5 <.0001 32.9 <.0001 0.1 .7806 Parallel
































many	 vertebrates	 (Grundler	 &	 Rabosky,	 2014;	 Santana	 &	 Cheung,	
2016;	Winemiller,	 Kelso-	Winemiller,	 &	 Brenkert,	 1995).	 Converging	
morphology	 is	 indicating	 common	 functional	 adaptations	 among	
the	 individuals	 or	 groups	 being	 studied	 (Losos,	 2011).	 Convergence	
enables	 optimal	 solutions	 to	 problems	 repeatedly	 posed	 by	 the	 en-
vironment	 to	 be	 “solved”	 by	 natural	 selection.	 The	 morphological	
adaptations	 can	 be	 related	 to	 a	 converging	 diet	 or	 habitat	 use,	 for	
example,	found	for	lizards	(Scleroglossa	and	Iguania;	Losos,	Jackman,	
Larson,	de	Queiroz,	&	Rodrıǵuez-	Schettino,	1998;	Stayton	&	Schwenk,	
2006).	 For	 herbivorous	 lizards,	 there	 is	 a	 converging	morphology	 in	

















from	 inherited	differences	 in	head	and	body	 shape,	which	 could	be	
genetic	 in	 origin	 or	 the	 result	 of	 some	maternal	 effect.	 Parallel	 on-

















related	 to	 its	 predominantly	 benthic	 diet	 (Amundsen,	 Knudsen,	 &	
Klemetsen,	 2008;	 Knudsen,	 Klemetsen,	 Amundsen,	 &	 Hermansen,	

















is	 likely	 to	 be	 an	 adaptation	 to	 piscivore	 feeding,	where	 large	 food	
item	size	means	that	a	larger	head	(and	thus	gape)	allows	them	to	start	
feeding	on	fish	relatively	early	in	life	(Knudsen	et	al.,	2016).	Other	pi-

































of	 the	 trajectories	 suggest	 different	 selective	 pressures	 on	 the	 PP-	
and	 PB-	morphs	 compared	 to	 the	 LO-	morph	 at	 the	 early	 life	 stages	
(Klingenberg,	 1998)	 resulting	 from	 either	 inherited	 differences	 (ge-
netic	 or	 through	 maternal	 influence)	 or	 from	 differential	 processes	
in	very	early	ontogeny	(at	sizes	smaller	than	examined	in	this	study).	
There	was	a	size	effect	for	all	the	morphs	with	the	head	getting	deeper	
and	with	a	 longer	mouth	with	 increasing	size	of	 the	fish,	suggesting	




The	 allometric	 patterns	 of	 both	 head	 and	 body	 shape	 change	
with	the	size	point	toward	different	levels	of	divergence	between	the	
morph	pairs.	The	PP-	and	PB-	morphs	share	both	a	common	trajectory	








ferences	 through	 the	 process	 of	 hypermorphosis.	 Rapid	 phenotypic	
diversification	can	be	facilitated	through	the	process	of	hypermorpho-
sis,	enabling	functional	and	ecological	relevant	traits	to	be	generated	
quickly.	One	possibility	 is	 that	 the	PP-	morph	has	evolved	by	hyper-




morph	 differing	 in	 allometric	 origin	 for	 all	 the	main	 body	 and	 head	
morphological	differences,	this	strongly	points	to	an	inherited	(genet-
ically	 or	 through	maternal	 effects)	 difference	 in	 shape	 between	 the	
LO-	morph	 and	 the	 other	 two	morphs	 (Klemetsen	 et	al.,	 2002).	This	
indicates	that	the	LO-	morph	is	more	diverged	from	the	PP-	and	PB-	
morphs	than	the	PP-	and	PB-	morphs	are	from	each	other.	However,	
this	 was	 not	 reflected	 by	 the	 genetic	 analyses	 performed	 herein	
(Appendix	 S3,	Table	S7).	The	LO-	morph	 in	 Lake	Skogsfjordvatn	was	
less	diverged	genetically	 from	the	PP-	and	PB-	morphs	 than	 the	PP-	
and	PB-	morphs	were	from	each	other,	suggesting	that	the	divergence	
in	allometric	processes	follows	another	genetic	trajectory	than	neutral	
genetic	divergence.	This	 is	most	 likely	because	of	 similar	adaptation	





some	 of	 the	 variance	 in	 head	 or	 body	 shape.	 Common	 allometric	
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